A novel reversible thermo-swelling gel was prepared from poly(vinyl alcohol)-trimellitate (PVA-T) by crosslinking with ethylene glycol diglycidyl ether (EGDGE). Only in the presence of sulfate anion, this polymer gel showed a significant and reversible swelling behavior with increasing the temperature from 5 to 40°C, and vice versa, probably due to the scission and formation of the inter-and/or intramolecular hydrogen-bondings (HBs) between the carboxyls on the side groups. The involvement of inter-and/or intramolecular HBs for the thermo-swelling behavior was also suggested by a significant dependence on HCl concentration of the swelling degree. In addition, the swelling reversibility and reproducibility were confirmed via the temperature jump between 5 and 40°C, well satisfying for a candidate as a thermosensitive material.
Introduction
In a hydrogel, a few interactions, such as van der Waals, ionic, hydrophobic and hydrogen-bonding, are exerted among macromolecules, water and other substances to determine the swelling degree. Any change in the interactions will cause a variation in the gel size, sometimes dramatically as the volume phase transition [1] . Thus, an external stimulus such as temperature, pH, ionic strength, solvent, and so on may change the gel size via alteration in the interactions. Among the external stimuli, the temperature effect has been most extensively studied and hydrogels prepared from poly(N-isopropylacrylamide) (PNIPAAm) must be the most typical as a thermoresponsive polymer gel. This polymer has a lower critical solution temperature (LCST) in water, and the LCST could be changed to different extents by various modifications [2] . In addition, it has also been found that poly(N,N-diethylacrylamide), poly(N-vinylcaprolactam), poly(2-isopropyl-2-oxazoline) and poly(vinyl methyl ether) have LCST in water [3] [4] [5] [6] . For these thermo-responsive polymers, one common feature is that the hydrophobic interaction drives the aggregation of macromolecules to induce the collapse above the LCST, and another is that the swollen (or hydrated) state can be recovered by decreasing the temperature, namely, the swelling-collapse cycle can be reversibly repeated. The hydrogen bond is also sensitive to temperature and may be utilized as a main interaction causing a thermo-swelling of relevant hydrogels. In fact, Tanaka et al. [1] firstly found that poly(acrylamide)/ poly(acrylic acid) interpenetrating network (PAAm/ PAA IPN) gel revealed a reversible discontinuous transition with temperature. Further they also proved that hydrogen-bonding (HB) is the driving force for the transition on the basis of the urea effect because HB is the only attractive force in PAAm/PAA IPN to induce the collapse at low temperature. To our best knowledge, this somewhat sophisticatedly prepared hydrogel is the only one example that shows a reversible gel swelling and deswelling with temperature increasing and decreasing, respectively, on the basis of HB interaction. Recently, Suzuki and coworkers reported that poly(sodium acrylate) (PSA) and poly(N-isopropylacrylamide-co-sodium acrylate) (NIPA-SA) gels deswelled under repeated exchange of external water, which was attributed to protonation of the carboxyl groups and the resultant formation of inter-and/or intramolecular HBs between -COOHs. Further interestingly, the gels showed a discontinuous reswelling at a certain elevated temperature because of the destruction of HBs [7, 8] . However, the thermo-swelling was not reversible; namely, with decreasing the temperature the gel kept the swollen state. In the present letter, we report a novel reversible thermo-swelling gel prepared from poly(vinyl alcohol)-trimellitate (PVA-T) by a chemical crosslinking. This polymer gel is collapsed in water due to intermolecular HBs among -COOHs at the side groups [9, 10] , and shows no appreciable thermoswelling. In the presence of sulfate anion, however, a significant and reversible swelling occurs with increasing the temperature, and vice versa. Although this swelling behavior is not a volume phase transition, the PVA-T gel is a first example showing a reversible thermo-swelling as a hydrogel that was prepared with a simple chemical crosslinking.
Experimentals 2.1. Preparation of PVA-T hydrogel samples
According to a procedure that was reported previously [10] , PVA-T polymer was prepared by the esterification of PVA (degree of hydrolysis: 99-100 mol%, M w : 86000, Acros) and trimellitic anhydride (Tokyo Chemical Industry) in dimethyl sulfoxide (Kanto Chemical), under the catalysis of 4-(N,N-dimethylamino)pyridine (Kanto Chemical) and triethylamine (Kanto Chemical). In this work, we used a PVA-T polymer with a rather high esterification degree (ED), i.e. 82 mol%, to get hydrogels crosslinked with ethylene glycol diglycidyl ether (Aldrich). The detailed procedure is given elsewhere [10] , with the exception that the crosslinker was used as 10 mol% with respect to the amount of PVA-T side groups in this work. The rod-type gel samples were prepared in glass capillaries (ϕ = 0.69 mm) at 30°C for 24 h. After taken out, they were equilibrated to pure water and then to 1 mM HCl solution for several days with daily exchanging of the external solution. With this pretreatment, the carboxyl groups introduced to PVA at the side group (ca. 1.6 mol per vinyl alcohol residue) were protonized and kept in the undissociated state.
Temperature dependence of hydrogel swelling
The equilibrium gel diameter in 1 mM aqueous HCl was first determined as d 0 with an optical microscope (DIAPHOT 200, NIKON) at room temperature (ca. 25°C). Then the samples were immersed in different salt solutions (0.1-1 M Li 2 SO 4 , 1 M LiCl or LiSCN) containing 1 mM HCl or in pure water. In those experiments, the gel samples were small enough compared to the immersing solution (gel diameter: ca. 0.4 mm, length: ca. 3 mm, solution volume: 4 ml), and held in screw cap vials with 10 ml capacity. The swelling degree, defined as d/d 0 (d: gel diameter in the acidic salt solutions or in pure water), was measured as a function of temperature; the respective gel samples were first equilibrated in a water bath at 40±0.5°C for 48 h, and then the temperature was decreased by 5°C down to 5±0.5°C, by changing the bath temperature. It is worth noting that the gels were kept at a certain temperature for 24 h and the swelling was equilibrated. As for the sulfate system, the temperature dependence of the swelling degree was measured as a function of the Li 2 SO 4 concentration (0.1-1 M with 1 mM HCl) and HCl concentration (0.1-5 mM with 0.5 M Li 2 SO 4 ). Aside from the swelling measurement with the gradual temperature change, response and reversibility of the swelling degree to a temperature jump were measured by setting a gel sample, which had been measured in 0.5 M Li 2 SO 4 /1 mM HCl at 5±0.5°C, in a water bath of 40±0.5°C. After 24 h, the gel sample was set in another water bath of 5±0.5°C. This temperature jump was repeated twice as (5°C) -40°C -5°C -40°C -5°C.
Results and discussion
Hydrogel swelling properties reflect the nature of crosslinkages including chemical and physical ones within gels. In the present study, the latter involves HBs between -COOH groups, -OH groups, -COOH/-OH, -COOH(-OH)/π electrons and π-π stacking of the benzene rings. All of them, especially the first one between -COOH groups, seemed to be responsible for the collapse of PVA-T gels in pure water [10] and such a low water content as 25 wt%. Further, the observed marked swelling in sulfate solutions was ascribed to the breakage of the inter-and/or intramolecular HB between the carboxyl groups [10] . On the other hand, the chemical crosslinkage with 10 mol% EGDGE may only restrict the swelling degree of the PVA-T gel in a non-specific way. Therefore we focus on the discussion of HBs relevant to -COOHs instead of the chemical crosslinkage in the present study.
As reported in our previous papers [9, 10] , the PVA-T gels swelled significantly only in sulfate solutions and we called this unique behavior antiHofmeister Series property. In addition to the anion-specificity, an appreciable cation-specificity was also observed. Thus, Li 2 SO 4 revealed more significant salting-in effect than Na 2 SO 4 , because of the much stronger interaction of Li + with the substituted trimellitic acid groups than that of Na + [10] . Therefore lithium salts/PVA-T gel systems were chosen as the most typical one to examine the thermo-sensitivity of the relevant gel. Swelling degrees of PVA-T hydrogels in various lithium salt solutions containing 1 mM HCl and in pure water were investigated as a function of temperature, as shown in Figure 1 . The hydrogels significantly swelled with temperature only in the presence of Li 2 SO 4 , while in pure water and 1 M LiCl or LiSCN solution, no appreciable changes were observed with temperature changes. The significant swelling of PVA-T gels only in sulfate systems might be ascribed to the specific stabilization of hydrogen-bonding hydration (HBH) to the acidic protons of the carboxyl groups by the sulfate anion, as shown in Figure 2 as a schematic for the salt-and thermo-swelling mechanism [9, 10] . The stabilization of the HBH to the -COOH protons should be favorable for breaking those HBs involving carboxyls to cause the salt-induced gel swelling. Thus, the present 'thermo-swelling' that was observed only in the presence of sulfate anion may be safely ascribed to the scission of the intraand/or intermolecular HBs. In fact, no other reasonable explanation seems to be given for the sulfate anion effect to induce the thermo-swelling. The insensitivity to temperature change in the absence of the sulfate anion, in turn, strongly suggests that the inter-and/or intramolecular HBs are too strong to be broken without the help of SO 4 2-. Namely, for the HBs to be effectively broken by heating, the presence of sulfate anion seems to be prerequisite. It is known that the parent polymer PVA is largely subject to salting-out effect induced by SO 4 2- [11] . Thus, the great salting-in effect of this anion Here the HBHs to the acidic protons are significantly stabilized by SO 4 2-because the partial negative charges on the water oxygen is enhanced [12] .
observed for the PVA-T hydrogel must be ascribed to the trimellitic residue introduced to PVA. The salting-in effect may be attributed to the stabilization of HBH to carboxylic acid proton by SO 4 2-via enhancement of electron pair donicity (EPD) of the hydration water, because the partial negative charge on the water oxygen is enhanced via ionic hydration to small anions [12] . As a matter of fact, the improvement of PVA-T hydration in sulfate systems and the temperature effect are also proved by FTIR and NMR, which will be published in our forthcoming paper. As for the effect of SO 4 2-concentration, the maximum swelling emerged at 0.5 M at any temperature. The deswelling at 1.0 M relative to 0.5 M results from the salting-out effect to the unesterified PVA OH group and the vinyl main chain [10] . Of course, the deswelling may be considered as a result of enhanced osmotic pressure from inside out because the salting-out of the sulfate means that the salt ions are rejected from around the polymer to reduce the concentration in gel phase compared with that in the external solution. Comparing the swelling degrees variation of PVA-T hydrogels with temperature, the ratio at 40 to 5°C are 2.8, 2.5, 3.0 and 2.7 for samples swollen in 0.1, 0.2, 0.5 and 1.0 M Li 2 SO 4 solution, respectively. Thus, the thermo-swelling profiles are nearly parallel and slightly sigmoidal irrespective of the sulfate concentrations studied. In order to examine whether the breakage/formation of HBs between -COOH groups is the driving force for the thermo-responsibility of PVA-T gel in Li 2 SO 4 solutions, dissociation of the -COOH groups was changed by altering HCl concentration in 0.5 M Li 2 SO 4 solution. As shown in Figure 3 , the thermo-swelling behavior was only observed in the presence of moderate concentrations of HCl. It is noteworthy that the swelling degrees of samples in 0.1 and 0.5 mM HCl systems become saturated at higher temperatures (nearly equal values are observed at over 30°C). This may be ascribed to almost a complete breakage of inter-and intramolecular HBs in the hydrogels due to the stabilization of the HBH by sulfate anion as well as to inherent partial dissociation of the carboxyl groups. (At pH = 4-3.3, the dissociation degree of -COOH would be less than 50%.) On the other hand, at 5 mM HCl, no appreciable swelling was observed. Under such a rather acidic condition (pH~2.3), the dissociation may be almost suppressed to stabilize the intermolecular HBs. Thus, these behaviors suggest that the thermo-swelling found for the PVA-T hydrogels occurs with a subtle balance of two counteracting factors: concentrations of HCl (H 3 O + ) and Li 2 SO 4 (SO 4 2- ). An increment of the former would suppress the dissociation of -COOH groups and favor the inter-and/or intramolecular HBs, while the latter may cause the scission of the HBs via stabilization of the HBH to the acidic proton. As a result of the subtle balance between the two factors, the present gel may also be taken as a pH-sensitive material; in fact, e.g. at 30°C, the water content increases from ca. 25% in 5 mM HCl to ca. 90% in 0.5 mM HCl. Finally, taken the hydrogel swollen in 0.5 M Li 2 SO 4 /1 mM HCl system as an example, the reversibility of the thermo-swelling was tested by repeating a temperature jump between 5 and 40°C ( Figure 4) . When the equilibrated gel samples at 5°C were placed into the bath of 40°C, they swelled quickly to the value of d/d 0 = 2.10 after 3.5 h, approaching to the equilibrium value of 2.14 after 24 h. Then the highly swollen sample at 40°C was put into the environment of 5°C, the significant deswelling was observed within 6 h. The first and the second swelling degrees obtained after 24 h kept nearly constant at 40 and 5°C, respectively. Although the kinetics of the swelling-deswelling processes is rather slow, the reversibility and the reproducibility are well satisfying for a thermo-sensitive gel material that significantly swells upon heating.
Conclusions
In the temperature range from 5 to 40°C, PVA-T hydrogels showed reversible and continuous thermoswelling behavior only in the presence of SO 4 2-. This rather specific behavior was ascribed to scission and formation of the inter-and/or intramolecular HBs in the course of the heating and the cooling, respectively. Although the PVA-T hydrogel only continuously responded to temperature under the Li 2 SO 4 /HCl conditions tested in the present study, it may be expected that a reversible volume-phase transition driven by HB may be realized through optimizing the composition of swelling medium such as sulfate salt and HCl. To delve into the mechanism of salt-and thermo-swelling of PVA-T gels in sulfate solutions, a spectroscopic study with NMR and FTIR are now being undertaken, which will be published in our coming paper. 
